Layer IV (LIV) of the rodent somatosensory cortex contains the somatotopic barrel field. Barrels receive much of the sensory input to the cortex through innervation by thalamocortical axons from the ventral posteromedial nucleus. In the reeler mouse, the absence of cortical layers results in the formation of mispositioned barrel-equivalent clusters of LIV fated neurons. Although functional imaging suggests that sensory input activates the cortex, little is known about the cellular and synaptic properties of identified excitatory neurons of the reeler cortex. We examined the properties of thalamic input to spiny stellate (SpS) neurons in the reeler cortex with in vitro electrophysiology, optogenetics, and subcellular channelrhodopsin-2-assisted circuit mapping (sCRACM). Our results indicate that reeler SpS neurons receive direct but weakened input from the thalamus, with a dispersed spatial distribution along the somatodendritic arbor. These results further document subtle alterations in functional connectivity concomitant of absent layering in the reeler mutant. We suggest that intracortical amplification mechanisms compensate for this weakening in order to allow reliable sensory transmission to the mutant neocortex.
Introduction
The rodent somatosensory cortex integrates tactile information obtained through the facial whiskers on the snout and is critical for complex behaviors such as object localization or texture discrimination (Petersen, 2007; Feldmeyer et al., 2013) . Like other cortices, the somatosensory cortex is a laminated structure composed of 6 layers. Layer IV (LIV) is of particular interest, as it contains the barrel field, where each individual facial whisker is represented as a discrete cluster of cells in a somatotopically accurate fashion (Woolsey and Van der Loos, 1970; Welker and Woolsey 1974) . These barrels receive the densest thalamic input to the cortex, hence the view that LIV represents the main input layer of sensory cortex Oberlaender et al., 2012) .
Reelin is a protein of crucial importance in the development of laminated structures, but whose expression is lost or compromized in the reeler mutant mouse due to homozygous deletion in the reelin gene . The resulting phenotype is characterized by an ataxic gait probably due to the massive cerebellar atrophy observed in this mutant, and a profound disturbance in cortical lamination whose functional consequences are still unclear (Falconer, 1951; Förster et al., 2010; Lee and D'Arcangelo, 2016) . Although cortical neurons are born at the right time, the loss of reelin affects the process of their migration in such way that they are scattered across the cortical depth instead of being grouped in layers (Caviness and Sidman, 1973) . Surprisingly, ample evidence exist that barrel-equivalent structures form in the reeler somatosensory cortex in spite of this migration defect, though they are mispositioned themselves (Caviness et al., 1976; Wagener et al., 2010) . More surprising still, thalamocortical axons (TCAs) appear to find these ectopic targets, and intrinsic signal imaging studies have revealed that sensory stimulation can activate the reeler cortex as effectively as in wild type (WT) and with preserved somatotopy (Caviness and Frost, 1983; Molnár et al., 1998; Wagener et al., 2010; Guy et al., 2015; Pielecka-Fortuna et al., 2015) , leading to the prediction that thalamocortical (TC) input to the reeler cortex should not differ from that in WT.
While these studies seem to predict that TCA input to the barrel cortex of reeler is comparable to that of WT, intrinsic imaging relies on hemodynamic signals which by definition do not capture sensory transmission on a cellular level, and therefore leave many important questions open (Grinvald et al., 1986; Frostig et al., 1990) . Indeed, in addition to its role in cortical development, there is growing evidence that reelin regulates synaptic transmission and plasticity (Förster et al., 2010; Herz and Chen, 2006) . For instance, extracellular recordings in the visual cortex of reeler mice have indicated altered receptive fields and lower overall firing rates in response to sensory stimulation (Dräger, 1981) . Furthermore, the development of dendritic spines might be impaired (Niu et al., 2008) and aberrant connectivity in the cerebellum and hippocampus has also been reported (Mariani et al., 1977; Wilson et al., 1981; Borrell et al., 1999; Kowalski et al., 2010) . These abnormalities suggest that some disturbance in sensory transmission to the barrel cortex may exist as well and warrant further investigation.
We therefore tested the prediction that TC input to reeler LIV-equivalent neurons is identical to that of WT, by means of whole cell patch clamp recordings of spiny stellate (SpS) neurons in TC slices. Our results demonstrate that such neurons indeed receive direct thalamic input as well as feed-forward inhibition (FFI), in agreement with the canonical columnar microcircuit. However, we also found the TC input to be weaker in reeler that in WT, and predict it to be more dispersed along the somatodendritic arborization of recipient neurons. We propose that a weakened TC input is rescued by a shift in the balance of excitation and inhibition in the homozygous reeler mouse in order to ensure faithful sensory transmission to the cortex.
Material and Methods

Animals
All animal experiments were carried out in accordance with institutional regulations regarding animal use in research. LIV tdTomato mice (n = 42) of both sexes were used in the present study, 23 of which WT and 19 reeler (for more details on the LIV tdTomato mouse see Madisen et al., 2010; Guy et al., 2015) . All animals were housed with a 12 h light/dark cycle with food and water ad libitum prior to the experiments.
Stereotaxic Injections
Solution of adeno-associated virus (AAV5) carrying the pAAVhSyn-hChR2(H134R)-eYFP vector (Addgene plasmid # 26973, gift from Karl Deisseroth, Addgene) was purchased from Penn Vector Core (Perelmann School of Medicine, University of Pennsylvania). Stereotaxic injections of AAV5 in the ventral posteromedial nucleus (VPM) were performed on P21 Reeler and WT of at least 5 g in body weight. Mice were placed into a stereotaxic apparatus (Kopf Instruments), and anesthesia was maintained with 1-2% isoflurane in pure oxygen delivered through a mask at a rate of 0.5 L/min. A thermostatic heating pad (ATC-1000, World Precision Instruments) was used to maintain body temperature at 37°C. The eyes were protected from desiccation by application of ointment (Bepanthen, Bayer) . Subcutaneous injections of Lidocaine (Xylocaine 2%, AstraZeneca) provided local analgesia to incision sites. The scalp was incised along a rostro caudal axis, and a small craniotomy was opened above the VPM of each hemisphere. Long tapered, thin (tip diameter~20 microns) injection capillaries pulled from borosilicate glass (GB150F-8P, Science Products) using a P-97 puller (Sutter Instruments, Novato, CA, USA) were front filled with a solution of AAV5 in phosphate buffer (titer~2.84 * 10 9 particles/µl). The injection capillaries were then lowered into the brain at standard coordinates from Bregma (in mm): −1.7 antero-posterior (AP), ± 1.75 medio-lateral (ML), and −3.25 dorso-ventral (DV). Because of the generally small and variable size of juvenile mice, a correction factor often needed to be calculated for individual animals and applied to the standard coordinates. Briefly, given an expected BregmaLambda distance of 4.2 mm in adult mice (Paxinos and Franklin, 2008 ) and a measured Bregma-Lambda distance of D, the corrected injection coordinates were calculated as follows (from Bregma, in mm):
Volumes of 200-300 nl of virus-containing solution were pressure-injected in each site using a PDES-02DX picospritzer (npi, pressure: 12.5 psi, delivered in 200 ms pulses on manual command). The scalp was sutured immediately after retraction of the capillary and the animal was allowed to recover. Carprofen (5 mg/kg, Rimadyl) was administered subcutaneously every 24 h for a minimal period of 3 days following surgery, during which the postoperative weight of the mice was carefully monitored. Food and water containing 1.5 mg/ml Metamizol (Novaminsulfon) were provided ad libitum. No retrogradely labeled neuron was ever observed in the barrel cortex of any animal with confocal or epifluorescence microscopy.
Slice Preparation
In vitro electrophysiology experiments took place 3-4 weeks after stereotaxic injections. Mice were sedated with isoflurane in a sealed container and quickly decapitated. The skull was opened and the brain transferred to ice cold cutting solution (87 mM NaCl, 1.25 mM NaH 2 PO 4, 2.5 mM KCl, 10 mM glucose, 75 mM sucrose, 0.5 mM CaCl 2 , 7 mM MgCl 2 , 26 mM NaHCO 3 , bubbled with 95% O 2 /5% CO 2 (vol/vol)). The hemispheres were separated and cut into serial, 300 microns thick TC slices through the somatosensory cortex using a VT1200S vibratome (Leica) following standard methods (Porter et al., 2001) . Slices were incubated in recording solution (125 NaCl, 1.25 mM NaH 2 PO 4, 2.5 mM KCl, 25 mM glucose, 2 mM CaCl 2 , 1 mM MgCl 2 , 26 mM NaHCO 3 , bubbled with 95% O 2 /5% CO 2 (vol/vol)) at 32°C for 30-60 min and at room temperature thereafter.
In Vitro Electrophysiology
TC slices were transferred to a recording chamber constantly perfused with recording solution (1-2 ml/min) and visualized using the 2.5× and 40× objectives of a Zeiss Axio Examiner A1
fixed-stage microscope (Zeiss). Whole cell patch clamp recordings were targeted at visually identified, tdTomato positive SpS neurons located on the edge of a barrel or barrel equivalent. Patch pipettes (resistance 6-10 MOhm) were pulled from borosilicate glass (GB150F-8P, Science Products) using a P-97 or P-1000 puller (Sutter Instruments) and filled with potassium based intracellular solution (135 mM K-gluconate, 5 mM KCl, 0.5 mM EGTA, 10 mM HEPES, 4 mM MgATP, 0.3 mM NaGTP, 0.5 mM NaGTP, 10 mM Na-P-creatin, pH 7.4, 300 mOsm) or cesium-based intracellular solution (135 mM CsMeSO 4 , 5 mM CsCl, 0.5 mM EGTA, 10 mM HEPES, 4 mM MgATP, 0.3 mM NaGTP, 10 mM Na-P-creatin, pH 7.36, 293 mOsm) containing 0.3-0.5% biocytin (Sigma). Patch pipettes were steered into position with a micromanipulator (Luigs & Neumann). Unless explicitly specified otherwise, all recordings were carried out in discontinuous current clamp mode using a SEC-05XS amplifier (npi) at a bath temperature of at 32°C. Access resistance was monitored and compensated for. If access resistance compensation became impossible, the recording was terminated. Membrane potential was held around −70 mV by DC current application throughout the recording after measuring the resting membrane potential (V RMP ) on break-in. We did not correct for the liquid junction potential (16 mV), except in the case of voltage clamp (VC) recordings at 0 mV. Stimulation of channelrhodopsin-2 (ChR2) expressing thalamic fibers was achieved using a computer controlled 473 nm diode laser (Rapp optoelectronics) guided through the 40× objective of the microscope, resulting in a circular illuminated field of about approximately 100 µm in diameter on the slice. Data acquisition and photostimulation were synchronized using custom-written programs in signal (CED). Gabazine, tetrodotoxin (TTX, Tocris), and 4-aminopyridine (4-AP, SigmaAldrich) containing recording solution (20 µM, 0.5 µM and 0.1 mM, respectively) were prepared for each experiment and perfused into the recording chamber at will.
Subcellular Channelrhodopsin-2-Assisted Circuit Mapping (sCRACM) Subcellular channelrhodopsin-2-assisted circuit mapping (sCRACM) was performed following published methods (Petreanu et al., 2009) . Briefly, TTX and 4-AP were introduced into the recording chamber. A shutter placed in the path of the laser restricted the size of the illuminated area to 25 by 25 µm. The focal plane was set on the center of the soma. The position of the light beam was then changed using the Morgentau software (Morgentau solutions) so as to scan an area of n-by-m fields over the cell being recorded. Stimulation, data acquisition and steering of the laser beam were synchronized using custom-written signal routines. Recordings were performed in discontinuous current clamp and membrane voltage was held around −70 mV with constant DC current injections. Three stimulations were recorded from every field with an interstimulus interval of 6 s. Laser pulses were 10 ms in duration. The laser power was set individually for every SpS neuron to the highest value which did not elicit a measurable response when flashing just outside of the home barrel but relatively close to the recorded soma.
Histochemistry
Upon completion of the recordings, slices were incubated in 4% paraformaldehyde (PFA) and 15% picric acid in Phosphate Buffer (0.1 M PB, pH 7.4) at 4°C overnight. Fixed TC slices were removed from PFA and successively rinsed 10 times with PB for 15 min each at room temperature. Slices were then rinsed in Tris Buffer (TB) and Tris Buffer Saline (TBS) buffer (pH 7.6) for 15 min at room temperature, followed by 2 rinses in Tris Buffer Saline containing 0.5% Triton-X 100 (TBST) for 15 min each. Alexa633 conjugated Streptavidin (Molecular Probes) 1:400 in TBST buffer containing Triton was then incubated with the slices overnight at 4°C on a rocking plate, before a DAPI staining was performed according to the manufacturer's specifications (Molecular Probes). Slices were rinsed in TBS and TB buffer before being mounted and coverslipped with AquaPolymount (Polysciences).
Microscopy and Image Acquisition
Images of the distribution of eYFP and tdTomato fluorescence in stained TC slices were acquired through the 10× air objective of an Axio Imager M2 epifluorescence microscope (Zeiss) controlled by the Neurolucida software (mbf Bioscience). Image stacks (11 planes, 5 µm z-steps) restricted to the cortex were acquired with the same objective and quantification of eYFP and tdTomato expression was performed on the corresponding maximum intensity projections. High magnification imaging of the recovered neurons was carried out with a spectral confocal microscope (TCS SP2, Leica) and results are presented as maximum intensity projections.
Data Analysis
Quantification of eYFP and tdTomato expression in the barrel cortex was done on maximum intensity projections of image stacks obtained from epifluorescence microscopy using customwritten MATLAB routines (MathWorks). Electrophysiological data were analyzed offline using custom-written signal (CED) and MATLAB scripts. ChR2-evoked responses were accepted if their amplitude crossed the threshold of 3 times the standard deviation of the baseline membrane potential measured in a 100 ms window prior to stimulus onset. In order to compare responses between the 2 groups on a population basis, we built Peri Stimulus Time Histograms (PSTH) by averaging the membrane potential values obtained from individual traces in 4 ms bins. The bin size was chosen large enough to fully exclude action potentials from traces where they appeared (for instance Fig. 4F and G) while minimizing the subsequent loss of data. The same bin size was applied to traces that did not contain action potentials (for instance Fig. 4A -C) for the sake of comparability. Intrinsic properties were measured from the membrane potential responses to −10 pA current pulses delivered for 1 s. Input resistance (R in ) was measured from the maximal deflection from baseline. Membrane time constant (τ) was measured from an exponential fit applied from stimulus onset to maximal deflection. Sag index was calculated according to the following formula: sag = (((1/R inss ) − (1/R inhd ))/(1/R inss )) * 100, where R inss is the input resistance measured at steady state and R inhd the input resistance measured at maximal deflection. Rheobase was measured as the minimal stimulus current intensity required to reliably elicit a single action potential in 5 consecutive trials. Reconstruction of filled neurons and delineation of the barrel and barrel equivalents was carried out on confocal stacks using Neurolucida. Sholl analysis was performed on reconstructed neurons using Neurolucida, using 7 concentric 25 µm-wide bins centered on the soma.
Statistics
All statistics were done with SigmaPlot (Systat Software Inc) with a significance threshold fixed at 0.05. Spatial autocorrelation (Moran's I) was calculated using the GeoDa software (GeoDa Center) according to standard methods (Moran, 1950) . Briefly, spatial autocorrelation was estimated by calculating an index I according to the following formula:
Where ij refers to an indexed n-by-m array of EPSP amplitudes containing N fields, X to the EPSP amplitude in a selected field i, and w ij is an element of an N by N weight matrix. The array of EPSP amplitudes were obtained from sCRACM experiments. Because the input maps frequently contained domains composed of adjacent fields receiving no input (that is, the amplitude equals zero) which can cause an overestimation of I, they were trimmed into the smallest possible n-by-m array that did not exclude fields containing input. The N by N weight matrix was designed following a king's rule, that is only the fields immediately adjacent to the ith in either direction were taken into account in the calculation of I. Theoretical values of I range from −1 to 1. A value close to 1 indicates a spatial pattern where similar amplitudes tend to cluster around each other, a value close to 0 indicates a random pattern of amplitude distribution, and a negative value indicates a pattern where similar amplitudes avoid each other.
Results
Thalamic Axon Projection Domains in Reeler and WT Mice
The present study seeks to investigate the properties of TC input to SpS neurons of the reeler mouse barrel field by means of in vitro electrophysiology and optogenetics. In order to visualize SpS neurons in TC slices through the somatosensory cortex, we capitalized on the LIV tdTomato mouse line (Guy et al., 2015) . In these animals, Cre recombinase is endogenously expressed under the Scnn1a promoter while tdTomato is expressed in a Cre-dependent manner (Xue et al., 2014) and restricted to excitatory neurons (Madisen et al., 2010) . The resulting distribution of tdTomato positive neurons in WT mice was prominent in LIV of the cortex, with comparatively sparse expression in other layers and subcortical structures ( Fig. 1A' and B'). Furthermore, quantification of the fluorescence intensity in the cortex revealed that tdTomato expression peaked at a depth of about 300-500 µm from the pial surface, where tdTomato positive neurons formed clusters corresponding to LIV barrels (Fig. 1B' and C) . In reeler animals ( Fig. 1D ' and E'), clusters of LIV-equivalent, tdTomato positive neurons were not restricted to a single cortical layer but instead displayed the smearing across the cortical thickness characteristic of that genotype (Wagener et al., 2010; Boyle et al., 2011) . In agreement with this observation, the tdTomato fluorescence intensity profile in the reeler cortex did not produce a clear peak, but rather seemed to plateau between approximately 300 µm from the pial surface and the white matter ( Fig. 1E ' and F).
In order to visualize and stimulate TC fibers arising from the VPM specifically, we performed stereotaxic injections of AAV5-ChR2-eYFP to the VPM of LIV tdTomato WT and reeler mice. Three weeks after injection, neurons in the VPM strongly expressed the ChR2-eYFP fusion protein (Fig. 1A'' and D'') . In WT mice, eYFP expressing fibers were found throughout the depth of the cortex, but were most prominent in LIV and LVb (Fig 1B'' ). The fluorescence intensity profile of eYFP in cortex displayed a bimodal distribution, with the strongest peak colocalizing with the peak of tdTomato expression in LIV, and a weaker peak in LVb (Fig. 1B ''' and C). This pattern of VPM projections to the cortex is well described and in perfect agreement with previous literature in rats Oberlaender et al., 2012) . In reeler animals, the distribution of eYFP was similar to that of tdTomato and characterized by the absence of an obvious peak in the fluorescence intensity profile ( Fig. 1E '' and F) as well as a strong colocalization with tdTomato ( Fig. 1E '''). These results suggest that clusters of tdTomato cells in transgenic reeler mice receive most of the VPM input to the cortex, as do LIV barrels in the WT.
Cellular Morphology and Passive Properties of tdTomato Positive Neurons
Expression of tdTomato in acute TC slices enabled us to target whole cell patch clamp recordings at LIV and LIV-equivalent neurons in WT and reeler, respectively. More specifically, we targeted LIV SpS neurons, as these cells receive direct input from the VPM (Porter et al., 2001; Inoue and Imoto, 2006; Bruno and Sakmann, 2006) . Cells were selected for recordings on the basis of fluorescence, soma shape, presence of a local cluster of similarly shaped somata, and localization within a barrel or cluster of tdTomato positive neurons. Because SpS neurons are only one among several types of excitatory neurons populating LIV barrels Schubert et al., 2003; Staiger et al, 2004) , we routinely added biocytin to our intracellular solution in order to recover the morphology of the neurons we recorded. Representative examples of cellular morphologies are shown in Figures 2 and 3A and C. The cells recovered from both genotypes were found to possess morphological properties characteristic of SpS neurons, including the lack of an apical dendrite, 4-6 dendrites largely confined within the home barrel or cluster with one dendrite occasionally extending beyond it, and numerous spines . Of all neurons recovered, only one displayed the semblance of an apical dendrite and was excluded from subsequent analysis.
We quantified several morphological parameters in 7 WT and 6 reeler reconstructed neurons, namely dendritic length responses to a series of successive current pulses of incrementing amplitude (−100 to +50 pA, 10 pA steps). The firing pattern was obtained by injection of 130 pA in both genotypes. E: Population IV curves calculated from data acquired as indicated above and represented as mean ± SD of 46 WT (red) and 45 reeler (blue) neurons.
F: Box plots of the sag index (left, measured from responses to −10 pA pulses) and resting membrane potential on breakthrough (right). Both properties were significantly different (sag index: one tailed t-test, P < 0.005; membrane potential: one tailed t-test, P < 0.05; n = 46 WT and 45 reeler).
and span, number of primary dendrites, dendritic spines and branch points, and found no significant difference in either of these properties (Table 1 , t-tests). In addition, we performed a Sholl analysis on the reconstructed neurons, and quantified the average dendritic length and spine count in 7 concentric, 25 µm wide bins centered on the soma (Fig. S1 ). Both measures peaked in the bin immediately adjacent to the soma and gradually fell with increasing distance from soma. We found a slight, but significant difference in the average dendritic length in the bin adjacent to the soma, which was higher in WT (2-way ANOVA, genotype * distance interaction, P = 0.034, Holm-Sidak post hoc test). A similar observation was made on spine count, which was slightly but significantly higher in the 2 bins closest (and containing) the soma in WT (2-way ANOVA, genotype * distance interaction, P = 0.026, Holm-Sidak post hoc test). Thus it appears that aside broad similarities in morphological properties of SpS neurons, there is room for subtle differences between the genotypes.
Because responses to synaptic input are determined partly by the intrinsic properties of the recorded neurons such as R in or τ, we further characterized their elementary electrophysiological properties. All neurons exhibited the regular spiking firing pattern typical of LIV excitatory neurons Schubert et al., 2003) , regardless of genotype ( Fig. 3B and D) . Additional properties we analyzed included resting membrane potential (V RMP ), voltage sag, rheobase, and peak medium afterhyperpolarization (mAHP). The values for these properties were found to be in agreement with previous literature regarding passive properties of SpS (Schubert et al., 2003) and are summarized in Table 2 . No significant differences were found between the genotypes in R in (Table 2 and Fig. 3E ) or τ (Table 2 ). It must be noted, however, that significant differences were found V RMP which was slightly more negative in reeler (Fig. 3F , t-test, P < 0.05) and in the voltage sag, which was lower in reeler.
Although the h-current underlying the sag index is involved in temporal summation, its weakness in SpS and slow kinetics (Magee, 1998) led to expect little contribution of I h to the responses to short pulses of light (10 ms). In addition, minor differences in V RMP could not have contributed to any differences between reeler and WT as we performed all subsequent recordings at a holding membrane potential of −70 mV in all cells. We therefore reasoned that eventual differences in responses to synaptic input would result from synaptic mechanisms rather than from differences in intrinsic properties between genotypes.
ChR2-evoked responses in SpS neurons
Injection of AAV5-ChR2-eYFP resulted in dense and thorough eYFP expression in the VPM (Fig. 1) . We acquired intracellular recordings of thalamic relay neurons (TN) in both genotype to verify the feasibility and comparability of direct light activation of neurons in both strains. TN displayed the bistable firing pattern typical of their class, responding to a depolarizing current injection either with a single burst or a train of action potentials depending on the membrane potential at which they were held with DC current injection ( Fig. S2A and B, McCormick and Bal, 1997) . Optical stimulation of the recorded neurons resulted in fast depolarization. Using sufficiently high laser intensity, it was possible to reliably elicit spiking in TNs, the pattern of which, burst or single spike, was also determined by membrane potential ( Fig. S2C and D) . In a subset of thalamic neurons, we evaluated putative differences in strength of ChR2 expression between genotypes by measuring peak-evoked photocurrents over a range of stimulation intensities in VC mode (Fig. S3A ). In all neurons tested, peak photocurrent amplitudes gradually increased as laser intensity was raised, and response curves were characterized by a large cell to cell variability (Fig. S3B) . In spite of this variability, we detected no difference in average responses between genotypes (Fig. S3B ). In addition, we measured optical rheobase (minimal laser power required to elicit a spike) and minimal response intensity (the lowest stimulation power that reliably elicits a response) in current clamp mode. Although we once again observed considerable cell to cell variability in these measures, average responses were similar across genotypes (Fig. S3C) . Because ChR2 levels in the cortex with depend on their levels in the thalamus, and because lateral diffusion of ChR2 along the membrane of reeler thalamic neurons is assumed to be unimpaired, we conclude that ChR2 levels in cortex are unlikely to differ significantly across genotypes. In summary, our thalamic recordings led us to expect that the abundant ChR2-eYFP expressing thalamic fibers in the cortex could be activated reliably and without difference between genotypes.
Confident in our ability to control the presynaptic element, we next compared the properties of thalamic input to SpS neurons in both genotypes. Optical stimulation of thalamic fibers reliably elicited subthreshold, compound responses in SpS neurons held around −70 mV by DC current injection ( Fig. 4A and B) . The compound responses appeared to include sharp repolarizing events reminiscent of GABAergic inhibition ( Fig. 4A and B, insets, arrows). We observed that such repolarizing events could be modulated by membrane potential, such that they appeared stronger if the neuron was held around −60 mV (Fig. 4D) . Conversely, they reversed polarity and became depolarizing at a membrane potential of −90 mV, below the reversal potential for chloride, in agreement with GABA A receptor-mediated inhibition. In order to verify that compound responses included inhibition, we performed the same recordings in the presence of 20 µM of the GABA A receptor blocker VC recordings at the reversal potential for excitatory currents (0 mV) and using cesium-based intracellular solution, thereby isolating inhibitory currents from compound responses. Under these conditions, optical stimulation evoked a short latency, strong inhibitory current in recorded neurons (Fig. 4E ). These currents were completely and reversibly abolished by addition of 20 µM Gabazine. These results did not differ between genotype and demonstrate that reeler SpS neurons receive both thalamic input as well as GABAergic, probably FFI provided by local fast-spiking basket cells, a circuit motif well described in the WT cortex (Porter et al., 2001; Swadlow, 2003; Inoue and Imoto, 2006; Sun et al., 2006) . We next sought to determine whether thalamic input differed in strength across the groups and asked how much an optical stimulation could depolarize WT and reeler SpS neurons. We repeatedly stimulated TCA with an interstimulus interval of 6 s and laser power of approximately 0.04 mW and calculated the membrane potential variation (dVM) evoked in the recorded SpS by subtracting the average Vm measured in a 50 ms window starting 100 ms before stimulus onset from individual traces. Three traces per neuron were then averaged, and dVm was averaged across 17 WT and 13 reeler neurons in 4 ms bins, resulting in a peristimulus time histogram of membrane potential variation (Fig. 4C) . The latency to the response onset was in agreement with monosynaptic input and not significantly different between genotypes (Fig. 4H, 2 .5 ± 0.7 ms and 2.7 ± 0.8 ms in reeler, rank-sum test), and the responses peaked within 4-8 ms after stimulus onset in both genotypes. The peak dVM, however, was significantly higher in reeler, with reeler SpS remaining significantly more depolarized after stimulation for a sustained period of time (up to~45 ms; bin by bin comparison, t-tests, P < 0.05). Because we found no significant difference in either R in or τ between reeler and WT neurons (Table 1 and see above), this difference in the magnitude of evoked responses most likely results from differences in synaptic input, such as, for instance, a shift in the balance of excitation and inhibition.
In a subset of neurons, we determined whether TCA stimulation was sufficient to elicit action potential firing in the recorded SpS neurons by gradually increasing stimulus intensity. About 22 out of 26 (85%) WT and 20 out of 26 (77%) reeler neurons tested for that property responded with an action potential after stimulation intensity had passed a sufficient threshold (Fig. 4F) . We found no significant difference in either the proportion of cells firing (Fig. 4I, Fisher 's exact test, P = 0.73) or the laser intensity required between genotypes (rank-sum test, P = 0.76, median of 0.05 mW in WT and 0.08 mW in reeler). Likewise, the latency to action potential firing remained unaffected by genotype (Fig. 4H, 5 .9 ± 4.6 ms in WT, 5.5 ± 2.6 ms in WT and reeler, respectively; rank-sum test). Aligning individual traces of WT and reeler neurons to the AP indicated that reeler neurons repolarized more slowly after firing (Fig. 4F) . We therefore calculated the spike-triggered average dVm in 17 WT and 13 reeler neurons, excluding the bin containing the action potential (Fig. 4G) . We found that reeler SpS remained significantly more depolarized after firing for a long period of time (about 70 ms, bin by bin comparison, t-tests, P < 0.05), an effect that was qualitatively similar to that observed in subthreshold responses but surpassed it in magnitude and duration. Because we found no significant differences in the AHPs between reeler and WT (Table 2 and see above), we again conclude that the slower repolarization of reeler SpS neurons after firing an action potential evoked by TCA stimulation is likely the result of altered synaptic inputs.
Taken together, these results indicate that the net excitation brought to bear by TCA and local network input combined is greater in reeler than in WT SpS neurons. Furthermore, the proportion of reeler SpS neurons firing in response to TCA input being no different than that in WT suggest that TCA input is effective in recruiting SpS neurons in both genotypes, thus providing direct evidence for the predictions of previous studies (Wagener et al., 2010; Guy et al., 2015; Pielecka-Fortuna et al., 2015) .
Properties of Thalamic Input to Reeler SpS Cells
Stimulation of TCA typically evoked multicomponent postsynaptic responses in targeted neurons. Because of the complex nature of such responses, the actual strength of the TCA input is difficult to estimate, as its relative contribution to the response is potentially masked by network effects such as recurrent excitation and FFI. We therefore added 0.5 µM TTX and 0.1 mM 4-AP to the bath chamber, in order to remove the contribution of network effects from the ChR2-evoked responses while preserving the ability to stimulate TCAs, respectively (Petreanu et al., 2009; Yang et al., 2013) . Under these conditions, SpS responded to optical stimulation with monophasic responses of markedly reduced amplitude, consistent with the blockade of network activity ( Fig. 5A and B) . We repeated our analysis of stimulation-evoked dVm with 17 WT and 13 reeler neurons and a laser power of approximately 0.04 mW, obtaining a PSTH of the response to the purely thalamic input (Fig. 5C ). To our surprise, the peak ChR2-evoked responses were slightly weaker in reeler in the absence of network activity, in sharp contrast with our observations on compound responses (bin by bin comparison, t-tests, P < 0.05). TCA synapses on LIV excitatory neurons are known to undergo short-term depression when repetitively stimulated (Chung et al., 2002) , and we reasoned that a weakened shortterm depression might compensate for the weakened TC input in reeler. We therefore stimulated TCA at frequencies of 1, 5, and 10 Hz, setting the laser power so that the response to the first laser pulse would be of approximately 5-10 mV ( Fig. 5D and E) . We found that repetitive ChR2 stimulation reliably elicited a train of EPSPs in the recorded neurons, with a marked drop in amplitude of all EPSPs after the first in a train. This effect was observed at all frequencies irrespective of genotype, and is likely a reflection of both ChR2 desensitization as well as depression of TC input. Interestingly, the fact that compound responses in reeler SpS neurons exceed those in WT while the purely TC input they receive is weaker hints at the existence of compensatory mechanisms which amplify TC input in reeler. Such mechanisms, however, do not appear to involve alterations in how TC input adapts to sustained stimulation.
Subcellular Distribution of TCA Input to SpS Neurons
TC synapses are distributed over the entire dendritic arbor of LIV excitatory neurons, with a well described propensity for being found at higher densities close to the soma (Schoonover et al., 2014; Jia et al., 2014) and for forming small clusters along dendrites (Benshalom and White, 1986) . Such a spatial distribution of synapses may enhance the reliability of sensory transmission, as inputs close to the soma are less affected by dendritic filtering, while synchronous, clustered input are more likely to recruit active dendritic properties (Larkum and Nevian, 2008) . We reasoned that the scattering of LIV-equivalent neuronal clusters and their afferent thalamic fibers characteristic of the reeler phenotype might alter the distribution of TC synapses on SpS cells. We therefore compared the spatial distribution of TC input in SpS neurons in WT and reeler by means of subcellular ChR2-assisted circuit mapping (sCRACM, Petreanu et al., 2009; Yang et al., 2013) . Briefly, neurons were selected for recording according to the criteria described above, as well as for being located at the edge of their home barrel or barrel equivalent. After bath application of TTX and 4-AP, we restricted the size of the illuminated spot to 25 * 25 µm and scanned a 225 * 300 µm area roughly centered on the recorded neuron and covering as much of the barrel or barrel equivalent as possible. Owing to the position of the recorded neuron relative to its home barrel, the scanned area encompassed tissue lying both inside and outside of barrel borders. Because the dendrites of SpS neurons are largely restricted to their home barrel, this configuration allowed us to set the laser power to the maximal value that evoked no response when stimulating outside of the barrel (i.e. in the infra or supragranular layer in WT) while preserving the responses to a stimulation centered on the soma, thereby providing a calibration procedure adaptable to individual neurons.
Representative results of sCRACM experiments are illustrated in Figure 6 . Reconstructing recovered neurons enabled us to align the sCRACM map with the morphology of the recorded SpS. In WT, the spatial distribution of inputs was characterized by a central cluster of strongly responsive fields, encompassed in a gradually weaker surround ( Fig. 6A and B) . Interestingly, the position of the peak response was consistently found on segments of proximal dendrites rather than on the soma, and always overlapped with the center of the barrel. This is presumably a reflection of the facts that 1) we recorded neurons whose soma was located on the edge, rather than at the center, of the barrel, which presumably constraints SpS dendrites to extend towards the barrel center rather than radiating from it; 2) proximal dendrites tend to be richer in TC Representative examples of responses to trains of ChR2 stimulation at 5 Hz in one WT SpS neurons (red) and one reeler SpS (blue). About 10 individual traces are displayed in light hues, average traces are dark. E: Aggregate short-term synaptic plasticity data in both genotypes. Massive short-term depression was visible at all frequencies in both genotypes, with amplitudes of EPSPs following the first in a train dropping by more than 50%.
synapses than distal dendrites (Jia et al., 2014; Schoonover et al., 2014) , and 3) those proximal dendrites receiving strongest inputs in our experiments were also extending through the area of the barrel where the density of TCA is expected to be highest Oberlaender et al., 2012) . Thus the spatial distribution of inputs shown in Figure 6A and B is in good agreement with reported anatomy. In reeler animals, we found a qualitatively similar pattern of input distribution ( Fig. 6C and D) , with domains of strong input more centrally located within the barrel or barrel-equivalent than weaker fields. A quantification of input amplitude as a function of distance from soma revealed that WT neurons received a significantly stronger input within 0 to 75 µm of the soma (Fig S5B,  2- way ANOVA, genotype and distance; effect of genotype, P < 0.001, Holm-Sidak post hoc test). In addition, response amplitude peaked in the field adjacent to the soma in WT, while they peaked in the soma-containing field in reeler. Normalizing amplitudes revealed a bell-shaped distribution of relative amplitudes in WT, peaking at the field adjacent to the soma and falling with distance, in striking similarity with the distribution of dendritic spines reported above (Fig. S1 ). By contrast, relative amplitudes were highest at the soma of reeler neurons (and higher there than in WT, an effect that was statistically significant, Fig. S5C , 2-way ANOVA, genotype * distance interaction, P = 0.04, Holm-Sidak post hoc test). Relative amplitudes also decreased with increasing distance from soma in reeler but with a gentler slope (although this effect did not reach statistical significance). Therefore, it appears that in addition to being weaker overall, TC input to reeler SpS may also be subtly altered in its spatial distribution.
A further, slight difference was also apparent in sCRACM data, in the fact that the clustering of strongly responsive fields appeared less tight or orderly in reeler, where comparatively high amplitude responses seemed routinely found further along the dendrite than in WT (Fig. S5C) . In order to obtain a statistical evaluation of input clustering, we used spatial autocorrelation and more specifically Moran's I (Moran, 1950 ). Moran's I is an established global measure of spatial association based on the calculation of a statistic, I, that assesses the degree of correlation or "sameness" among neighboring features of a spatial distribution. The value of I varies from −1 to 1, where a value of 0 indicates a random spatial distribution, a value close −1 indicates a dispersed pattern (such as a chessboard), and a value tending towards 1 indicative of a clustered pattern where similar features are found next to each other. Applying this analysis to sCRACM data offered 2 advantages. First, it enabled us to determine whether the clustered pattern we believed to have noticed could be validated statistically. Second, and more importantly, the values of I were used as a quantification of how strong the clustering was in individual datasets and enabled a comparison across groups on the basis of an unbiased statistical measure (Ianella et al., 2010 ). In all datasets tested, the spatial pattern of input amplitude distribution was deemed statistically clustered ( Fig. 6A-D , P < 0.001 in all of 13 WT and 14 reeler sCRACM maps). Furthermore, the values of I were lower on average in reeler SpS, an effect that was statistically significant (Fig. 6G , t-test, P < 0.05, n = 12 WT and 18 reeler), indicating a lower degree of clustering of similarly responsive fields.
Finally, we compared the amplitude of TCA input to SpS neurons obtained from sCRACM experiments. Figure 6E and F illustrates the distribution of EPSP amplitudes recorded across 674 fields in WT and 683 fields in reeler from 13 and 14 individual neurons, respectively, in 1 mV bins. The median EPSP amplitude was significantly lower in reeler (2.0 mV, against 3.5 mV in WT; ANOVA on ranks, P < 0.001), in agreement with the data obtained from full-field stimulation under TTX and AP4 (Fig. 5C) . Interestingly, the distribution of amplitude in reeler was not best characterized by a general shift of the WT distribution towards zero, but rather by a selective decrease in the number of strongly responsive fields (>5 mV) and a concomitant increase in the fraction of low amplitude fields (<5 mV), an effect that was also statistically significant (2 sample Kolmogorov-Smirnov test, P < 0.05). A similar analysis on response latencies yielded no significant difference (median latencies: 3.7 ms in reeler, 3.4 in WT; ANOVA on ranks, P = 0.2). Taken together, these results indicate that reeler SpS neurons receive an overall weaker, direct TC input with a lower degree of spatial organization, a finding which is likely to reflect differences in the spatial organization of TC synapses on these cells.
Discussion
Although the reeler phenotype has been described over half a century ago (Falconer, 1951) and has since provided a fruitful model for the study of cortical development (Herz et al., 2006; Förster et al., 2010; D'Arcangelo, 2014) , relatively few investigators have focused on the consequences of reelin deficiency on the functional connectivity of cortical networks (Bliss and Chung, 1974; Dräger, 1981; Ishida et al., 1994; Kowalski et al., 2010) . The conclusion that emerges from existing studies is that the reeler brain retains a comparable connectivity to that of the WT brain in spite of its apparent disorganization and hence, a relatively comparable function (Wagener et al., 2010; Guy et al., 2015; Pielecka-Fortuna et al., 2015) . The present results give us little ground on which to dispute this notion. Indeed, we provide evidence for direct TC input to reeler SpS neurons, as well as observations strongly suggestive of TC-evoked FFI. These results are in good agreement with observations on the Shaking Rat Kawasaki (Higashi et al., 2005) and with a previous study of our laboratory on the reeler mouse (Wagener et al., 2016) . Furthermore, TC input seems to be stronger on inhibitory than excitatory neurons, as we consistently observed putative FFI at stimulation intensities insufficient to elicit firing of the recorded neuron. All 3 features form a well described circuit motif in WT (Swadlow, 2003; Inoue and Imoto, 2006; Sun et al., 2006) , and we therefore conclude that on a relatively general level of analysis, the functional connectivity of the reeler brain shows no substantial abnormality.
The same studies, however, all reported slight differences in some cellular properties, such as angular tuning (Dräger, 1981) and spike timing/jitter (Kowalski et al., 2010) , and we too have found abnormalities which warrant further discussion.
One important observation concerns the strength of TC input to SpS neurons, which we found to be slightly, but significantly weaker in reeler. Evidence to that effect was provided by full-field stimulation of TCA in the presence of TTX and 4-AP, and confirmed by sCRACM experiments. Although a causal mechanism for a weakening of TC input in reeler remains elusive, evidence exists that NMDA receptor function is modulated by reelin. In cortical and hippocampal neurons, reelin enhances NMDA receptor-mediated current and calcium influx through SFKs and Dab 1-dependent tyrosine phosphorylation of their NR2 subunits Chen et al., 2005; . The absence of this amplification mechanism in the reeler mouse may well explain the lower responses of SpS neurons to TC input. Such a scenario seems all the likelier owing to the fact that SpS neurons express NMDA receptors containing the NR2C subunit, rendering them effectively voltage-independent (Binshtok et al., 2006) . Furthermore, reelin deficiency results in a reduction of the density and number of dendritic spines in hippocampal pyramidal neurons (Liu et al., 2001; Niu et al., 2008) . Because TC synapses overwhelmingly contact spines (Benshalom and White, 1986; Staiger et al., 1996) , fewer spines may indicate an overall reduction in the number of TC synapses formed onto reeler SpS neurons, thereby dampening their responsiveness to thalamic input. Differences in ChR2 expression levels in TC fibers are unlikely to have contributed to our observations, however. Our recordings in the thalamus have revealed that although a large cell to cell variability exists in ChR2-evoked current amplitudes at the soma, no systematic difference existed between genotypes. In addition, a potentially weaker ChR2 expression in reeler cannot alone explain our findings, as we observed larger compound and weaker monophasic responses to laser stimulation in this mutant. Weaker ChR2 expression in reeler would predictably have resulted in both compound and monophasic being smaller.
Whatever the causes of the relative weakness of the TC input in reeler, the fact contributes to an interesting paradox. Previous studies using intrinsic signal optical imaging (ISOI) in anesthetized mice have reported that the somatosensory and visual cortices of reeler respond to a sensory stimulation with the same strength as in WT (Guy et al., 2015; Pielecka-Fortuna et al., 2015) . Similar results have been obtained with c-fos imaging in the somatosensory cortex after animals were allowed to freely explore a novel environment (Wagener et al., 2010) . Both ISOI and c-fos staining provide an indirect measure of network activity following stimulation (Grinvald et al., 1986; Frostig et al., 1990; Staiger et al., 2002; Staiger, 2006) , which the studies mentioned here found to be identical in both genotypes. How can cortical networks be equally active in reeler if the sensory drive they receive from the thalamus is weaker?
One possible explanation lies in the fact that VPM input does not target only LIV but also LV, and to a lesser degree, all other cortical layers Meyer et al., 2010; Oberlaender et al., 2012) . It is therefore conceivable that in reeler, the weaker input to LIV-equivalent neurons is compensated for by a concomitant strengthening of TC input to other cell populations. However, such a possibility may not fully account for the fact that the same paradox is observed on the scale of individual reeler SpS neurons. Indeed, the compound responses to thalamic stimulation we recorded in reeler exceeded that in WT, although the purely thalamic component was weaker. These results indicate that the relative contribution of cortical network effects to the compound response is larger in reeler. One excitatory component of the compound response, aside of direct TC input, is recurrent excitation. LIV excitatory neurons readily engage in reciprocally connected networks Egger et al., 1999) , giving birth to the idea that LIV may act as more than just a relay for, but also as an amplifier of, sensory input Suarez et al., 1995; Feldmeyer et al., 1999; Egger et al., 1999; Lübke et al., 2000) . An appealing idea is therefore that the reeler brain, in order to accommodate a weaker TC sensory input, increases its intracortical amplification (Fig. S6A) . The mechanisms involved may include stronger or more numerous reciprocal connections between nearby LIV-equivalent neurons allowing for enhanced recurrent excitation, a prediction that can be tested in the future by means of paired recordings.
An alternative possibility involves differences in TC-evoked inhibition in SpS neurons. The present results strongly hint at the existence of FFI in reeler SpS in subthreshold, compound responses. Subthreshold responses in reeler were stronger that in WT, which can indicate a decrease in inhibitory tone, as suggested by previous authors (Carboni et al., 2004; , possibly due to a lower number of synapses formed by fast spiking, parvalbumin expressing interneurons in reeler (Xue et al., 2014; Tao et al., 2014) . In addition, we found that reeler SpS neurons repolarize less sharply after firing an action potential than their WT counterparts, which could be caused by a decrease in feedback inhibition. It follows that a decrease in inhibitory tone represents a plausible compensatory mechanism for the weaker TC input in reeler (Fig. S6A) . Further experiments are required to precisely disentangle these various possibilities, such as paired recordings of SpS and inhibitory interneurons, which would allow direct comparison of the potency of reciprocal connection as well as of thalamic input between excitatory and inhibitory neurons (Cruikshank et al., 2007) .
Differences in intrinsic properties of SpS neurons are unlikely to account for the weaker TC responses in reeler, however. We found no significant difference between genotypes in input resistance or rheobase, indicating that the lower responsiveness to TC input in reeler must result from synaptic, rather than intrinsic, properties. Not all intrinsic properties were equivalent in both genotypes. We observed that reeler SpS had a slightly more hyperpolarized resting membrane potential upon breakthrough. In addition, the voltage sag was significantly weaker in reeler, indicating possible differences in the hyperpolarization-activated cation current I h (Magee, 1998; Nolan et al., 2004) . Such findings are not without precedent. For instance, the Dab1-dependent signaling cascade has been demonstrated to mediate the establishment of a somatodendritic gradient of HCN1 channel density in neocortical pyramidal neurons. Disruption of the Dab1 signaling pathway results in an impoverishment of the HCN1 content of distal dendrites, leading to a decrease in sag ratio and a hyperpolarized resting membrane potential in that cellular compartment (Kupferman et al., 2014) . Dab1 is activated-among others-by binding of reelin to its receptors, Apoer2 and Vldlr (Bock and Herz, 2003; Förster et al., 2010) , providing a mechanism through which reelin may affect HCN1 channel distribution and I h . Although the exact mechanisms involved here are unclear, our findings show a weakening of I h in reeler SpS neurons.
A further difference we observed between reeler and WT lies in the spatial distribution of TC input on their somatodendritic arbors. sCRACM experiments revealed that TC input was strongest in perisomatic regions, and became weaker further from the soma. In WT, the strongest input was found to be on proximal dendrites close to the center of their home barrel, rather than directly on the field containing the soma, indicating that relative density of TC fibers, rather than dendritic filtering, was probably the dominant factor shaping the input maps (Petreanu et al., 2009; Wimmer et al., 2010; Oberlaender et al., 2012) . Although a qualitatively similar pattern appeared in reeler, statistical analysis revealed that the clustering of inputs close to the soma was weaker resulting in a less tight grouping of highly responsive fields around the soma and comparatively higher input from more distant dendritic sites. sCRACM maps provide an approximation of the somatodendritic distribution of synaptic input (Petreanu et al., 2009) . Because the number of TC synapses on WT SpS is higher in proximal rather than distal dendritic compartments (Jia et al., 2014; Schonoover et al., 2014) , a possible interpretation of these results is that they are caused by differences in the dendritic distribution of TC synapses in reeler, such that the gradient in synaptic density along dendrites is less steep in reeler than in WT or perhaps nonexistent (Fig. S6B ). This interpretation remains hypothetical at this stage, as sCRACM suffers from several technical limitations that render its interpretation delicate. For instance, ChR2 induced depolarizations of thalamic fibers may propagate electrotonically outside of the stimulated field and trigger vesicle release, leading to worsened spatial resolution and/or overestimation of response amplitudes. In addition, lateral diffusion of light may also activate presynaptic terminals adjacent to the stimulated field, adding to the false positive rate and decreasing the actual spatial resolution of the method. Furthermore, the overestimation of response amplitude may be topographically inhomogeneous, as stronger responses will probably have a higher impact on neighboring fields than weaker ones, which are expected to decay to noise levels at shorter distances. This last problem, together with dendritic filtering, may have accentuated the clustering of input amplitudes in our maps. Because of these sources of error, it is difficult to deduce the underlying anatomy from sCRACM maps alone with high confidence. Definitive interpretation of sCRACM data will depend on its correlation with anatomical data obtained from confocal and electron microscopy (Schonoover et al., 2014) . To our knowledge such a correlative approach has not been attempted as of yet.
Should the somatodendritic distribution of synapses be altered in the reeler mutant, what possible reelin-associated mechanisms could guide synapse localization? A putative answer involves the well documented role of reelin in dendritic development. Disruption of the reelin signaling pathway results in a marked decrease in the length and complexity of the dendritic arbors of hippocampal neurons (Niu et al., 2004) , as well as in a dramatic drop in spine density (Niu et al., 2008) . This latter effect is not specific to hippocampal neurons and was observed in LIII pyramidal neurons of the frontoparietal cortex as well (Liu et al., 2001) . No such abnormalities have been reported as of yet in SpS neurons, however, and we hereby provide novel evidence that the morphological properties of these neurons is largely unaffected in the reeler mutant. Another possible mechanism relates to the role of reelin in specifying the molecular identity of subcellular compartments. As mentioned above, a depth-dependent gradient of reelin established by Cajal-Retzius cells during development, through the Dab1-dependent signaling cascade, may establish a corresponding gradient of HCN1 and GIRK channel density along the apical dendrite of LV cortical neurons, resulting in a strongest h-current where reelin concentration is highest during development (Kupferman et al., 2014) . Membrane bound proteins involved in synapse formation may see their somatodendritic distribution similarly disrupted in reeler. SpS neurons, however, extend dendrites in all directions, implying that a depthdependent gradient of reelin cannot solely account for a higher synapse density on proximal versus distal dendritic segments. Another possible source of reelin resides with inhibitory interneurons, a fraction of which express reelin after its secretion by Cajal-Retzius cells wanes with the end of cortical development (Alcántara et al., 1998) . These interneurons include subpopulations of Parvalbumin, Somatostatin, and NPY expressing cells (Pohlkamp et al., 2014) , all of which are found within barrels of LIV (Hioki et al., 2013; Neske et al., 2015) and therefore ideally placed to establish local gradients of reelin that may in turn mediate TC synapse distribution on SpS dendrites. Alternatively, the loss of reelin expression might affect the expression of other extracellular matrix (ECM) involved in synapse formation, such as glypicans (Song and Kim, 2013; Siddiqui et al., 2013; de Wit et al., 2013) . Although little is known about changes in ECM composition in the reeler mutant, expression of tenascin and chondroitin sulphate proteoglycan appears normal (Steindler et al., 1990) . A final, more indirect set of mechanisms may also be at work, in the fact that synaptic plasticity may lead to the formation of locally clustered, functionally related synaptic inputs (Larkum and Nevian, 2008; Kastellakis et al., 2015) . Reelin signaling modulates synaptic function and plasticity though of modulation of NMDA receptor-mediated calcium influx, resulting in enhanced longterm potentiation Lee and D'Arcangelo, 2016) , and it is hence possible that synaptic localization and clustering might be altered in reeler, and effect that may have contributed to shaping the input maps recorded in our sCRACM experiments.
Finally, the present study sheds new light on the putative computational consequences of a loss of reelin. In vivo extracellular recordings in the anesthetized reeler visual cortex have provided evidence of an overall reduction in firing rates as a response to visual stimulation (Drager, 1981) . This result can be well explained by the weakening of TC drive described in the present study. In addition, the proportion of cells with sharp angular tuning is reduced in reeler visual cortex (Drager, 1981) , a finding which may be connected to the deficit in visual orientation discrimination tasks observed in these mice (PieleckaFortuna et al., 2015) . Several synaptic and cellular mechanisms are thought to contribute to the synthesis of receptive fields in sensory cortices, one of which being inhibition (Isaacson and Scanziani, 2011) . Our observation that inhibition may be impaired in reeler is therefore of particular interest, as it would be well positioned to contribute to the observed abnormalities in receptive field structure in this mutant.
In summary, the results presented here confirm and extend previous research. Intracellular recordings of a defined excitatory neuron type allowed us to establish that TCA form reliable synaptic contacts on SpS neurons, as expected from past work on reeler barrel cortex. We also demonstrated the persistence of FFI in reeler barrel cortex. TC input seems to be impaired in its strength and altered in its somatodendritic distribution, an effect that may be compensated for by an increase in recurrent excitation and/or a decrease in inhibitory tone. A shift in the excitation-inhibition balance in the reeler mouse cortex will predictably have functional consequences, thus making this mutant a promising model in the study of cortical networks.
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